actions of resolvin E1 (RvE1), a known regulator of P. gingivalis induced neutrophil responses, on the cytokine and ROS responses elicited by P. gingivalis in cultures of neutrophils were investigated.
Results: Upon stimulation with P. gingivalis, neutrophils from subjects with LAgP and healthy controls released similar quantities of IL-6, TNF-a, CXCL8, CCL2 and intracellular ROS. The presence of RBCs amplified the release of IL-6, TNF-a and CCL2 statistically significant in both groups, but reduced the generation of ROS in the group of healthy controls, and showed a similar tendency in the group of subjects with LAgP. RvE1 had no impact on the production of intracellular ROS, TNF-a, IL-6, CXCL8 and CCL2 by neutrophils from either group, but tended to reduce the generation of ROS in subjects with LAgP in the absence of RBCs.
Conclusions: Our data support that binding to RBCs protects P. gingivalis from ROS and concomitantly enhances neutrophil release of proinflammatory cytokines providing a selective advantage for P. gingivalis growth.
Neutrophils constitute of an essential arm in the defense against bacteria by virtue of their production of proteases, antimicrobial peptides and formation of neutrophil extracellular traps (1, 2) . Neutrophils also phagocytize bacteria and bacterial products, which activate the protein kinase C, mitogen-activated protein kinase cascades and the nicotinamide adenine dinucleotide phosphate oxidase enzyme complex to generate superoxide anion radicals and other reactive oxygen species (ROS) (3) . Together with proteases and antimicrobial peptides, these products destroy the phagocytosed bacteria intracellularly (3) . Neutrophils have been shown to secrete cytokines such as tumor necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6 with potent autocrine actions -albeit being produced in low quantities compared to those produced by mononuclear cells, when stimulated with lipopolysaccharide (LPS) from the periodontal pathogen Porphyromonas gingivalis (4) . In the context of P. gingivalis physiology, induction of continued neutrophilmediated inflammation and tissue destruction favors the growth and survival of P. gingivalis, an asaccharolytic organism that uses amino acids from tissue breakdown for energy (5) .
TNF-a, IL-1b and bacterial LPS stimulate the production of chemokine (C-X-C motif) ligand 8 (CXCL8; also known as IL-8) by macrophages and epithelial cells (1) . CXCL8 is a strong chemoattractant for neutrophils, and prevents neutrophils from undergoing apoptosis (1, 5, 6) . Another chemoattractant, (C-C motif) ligand 2 (CCL2; also known as monocyte chemoattractant protein-1) secreted by monocytes, macrophages and dendritic cells also induces chemotaxis of neutrophils and monocytes (1, 5, 6) . Notably, both CXCL8 and CCL2 may be produced by neutrophils themselves (1, 5, 6) . Attracted by chemokines, neutrophils are readily recruited to sites of bacterial infection and inflammation, such as in periodontitis (5) .Periodontitis is a prevalent inflammatory disease induced by bacteria, including P. gingivalis, growing in biofilms on tooth surfaces adjacent to the gingiva (7, 8) . Periodontitis manifests as breakdown of tooth supporting tissues with deepening and ulceration of periodontal pockets through which bacteria may gain access to the blood stream (7) (8) (9) (10) (11) as the result of daily procedures such as chewing and tooth brushing (9) (10) (11) (12) (13) . A severe form of periodontitis, designated localized aggressive periodontitis (LAgP) (7, 14) , seen in younger children and adolescents appears to be most prevalent in African-American populations (2.6%) followed by Hispanics and white people, 0.5% and 0.06% respectively, in the United States (15) , and is characterized by early onset and rapid loss of attachment (14) , as well as by the presence of a hyperactive phenotype of neutrophils with enhanced proinflammatory activity (14, 16, 17) . Notably, the majority of leukocytes, i.e. ≥ 95%, within the inflamed periodontal pockets characteristic for periodontitis are neutrophils (18) .
Resolution of inflammation is an active process mediated by endogenous lipid agonists, including lipoxins, resolvins and maresins (19, 20) . Resolvin E1 (RvE1) is biosynthesized by aspirinmodified cyclooxygenase-2 from the precursor essential x-3 polyunsaturated fatty acid eicosapentaenoic acid derived from the diet (19) . RvE1 prevents inflammatory tissue damage and osteoclast-mediated bone resorption, which facilitates the return to homeostasis in the periodontium (21, 22) . Binding of RvE1 to leukotriene B4 receptor 1 (BLT-1) on neutrophils leads to attenuation of TNF-a-mediated nuclear factor-jB cell activation in neutrophils (23, 24) , and inhibition of chemotaxis and leukocyte infiltration (25) . Furthermore, RvE1 has been shown to dampen O 2 À release from LAgP neutrophils (22) and to induce clearance of P. gingivalis in periodontitis (21, 22) . It remains to be clarified, whether red blood cells (RBCs) modify the RvE1 inhibition of release of proinflammatory cytokines, chemokines and intracellular ROS by neutrophils during stimulation with P. gingivalis.
P. gingivalis is a gram-negative, anaerobic rod with a variety of virulence factors, including LPS, capsular polysaccharide, fimbriae and gingipains (12) . P. gingivalis can disengage bacterial clearance mechanisms by promoting cross-talk between toll-like receptor (TLR)-2 and C5a receptors (C5aR) in neutrophils (26) . More specifically, P. gingivalis induces proteasomal degradation of myeloid differentiation primary response protein 88 (MyD88), and thereby suppresses MyD88-mediated antimicrobial activity (26) . Moreover, C5aR-TLR-2 cross-talk inhibits the phagocytosis of P. gingivalis and bystander bacteria and stimulates a robust inflammatory response (26) . P. gingivalis itself produces superoxide dismutase, thiol peroxidase and rubrerythrin, which, due to their antioxidant properties, makes P. gingivalis resistant to oxidative burst killing by neutrophils (27) (28) (29) (30) . P. gingivalis may spread systemically both in plasma (31) and bound to dendritic cells (14, 15, 32, 33) or RBCs (34) . The latter requires that C3b and, to a lesser extent, iC3b, deposited on the bacterium bind to complement receptor 1 (CR1) on RBCs (35) (36) (37) (38) .
We have previously shown that binding of P. gingivalis to RBCs restricts phagocytosis of the bacterium by monocytes and neutrophils (34) , and we now hypothesize that RBCs may also affect P. gingivalis-stimulated release of proinflammatory cytokines and production of intracellular ROS by neutrophils. As RvE1 is known to normalize excessive extracellular production of ROS by LAgP neutrophils, we hypothesize that RvE1 may also act on neutrophils in the presence of RBCs. These hypotheses were tested by P. gingivalis-induced in vitro release of proinflammatory cytokines, chemokines and production of ROS in neutrophils from healthy donors and subjects with LAgP. The LAgP group consisted of six African-Americans, three Caucasians and one Hispanic, whereas the healthy group consisted of four African-Americans, five Caucasians and one Asian.
Material and methods

Donors
Ethics
All donors gave informed written consent prior to blood donation. The study and the consent form were approved by the Institutional Review Board at the Forsyth Institute (protocol no. 11-05).
Blood collection
Seventy-two milliliters of peripheral venous blood were drawn from the median cubital vein, after topical disinfection with an alcohol wipe, into six 15 mL heparinized tubes from each donor. The collected blood was kept at room temperature, in the dark for 1 h, before separation.
Preparation of bacteria P. gingivalis A7436 was grown anaerobically at 37°C on trypticase soy broth agar plates containing 1 lg hemin/mL, 1 lg menadione/mL, 20% defimbrinated sheep blood and 1.5% agar solid growth media and then transferred into a sterile tube containing Wilkins-Chalgren broth (no. CM0643B; Thermo Fisher Scientific Inc., Waltham, MA, USA). The tube was incubated anaerobically at 37°C for 18 h. Bacteria were pelleted by centrifugation (10,000 g) at 4°C and washed twice in phosphate-buffered saline (PBS). After discarding the supernatant, 2 mL PBS was added, and the bacteria were then counted and adjusted to a final concentration of 2 9 10 8 bacteria/mL, using spectrophotometrical OD 600 of 1.0 = $ 10 9 bacteria per mL.
Labeling of P. gingivalis P gingivalis was labeled with 5-(and 6-)carboxyfluorescein diacetate succinimidyl ester (CFSE) (no. 1378384; Molecular Probes Inc., Eugene, OR, USA) for positive selection during flow cytometry. CFSE labels intact cells, including bacteria, by coupling to intracellular lysine residues and other amine sources. Owing to this covalent coupling reaction, fluorescent CFSE is retained within cells and once incorporated within cells the CFSE does not transfer to adjacent cells, nor is there any surface alteration. CFSE was dissolved in PBS to a final concentration of 10 lM and incubated for 15 min at 4°C with the bacteria. Subsequently, the bacteria were pelleted by centrifugation (10,000 g), resuspended in PBS and re-incubated at 4°C for 30 min to ensure complete modification of the CFSE probe. After incubation, bacteria were again pelleted by centrifugation. The supernatant was discarded and the bacteria resuspended in pooled serum from human, male, blood group AB donors, USA origin, sterile-filtered (no. H4522; Sigma-Aldrich, St. Louis, MO, USA), henceforward referred to as "AB serum." The CFSE-labeled bacteria were placed in the dark at 4°C for opsonization until added to cells.
Isolation and labeling of neutrophils
Neutrophils were isolated by gradient centrifugation of heparinized blood using Histopaque Ò -1007 and -1119
(Sigma-Aldrich) at 150 g. The neutrophils that appeared in a distinct band well above the band of mononuclear cells were collected by gentle pipetting and subjected to isotonic lysis of contaminating RBCs for 5 min, washed twice in Ca 2+ /Mg 2+ -free PBS and resuspended in the same buffer. Cell preparations were ≥ 99% neutrophils with ≥ 95% viability as determined by trypan blue exclusion. allophycocyanin (APC)-conjugated monoclonal anti-CD15 (no. 551376; BD Biosciences, San Jose, CA, USA) was added to the neutrophils at a final concentration of 0.3 lg/mL to allow positive selection during flow cytometry. Dihydroethidium (DHE) (no. D1168; Molecular Probes Inc., Eugene, OR, USA) was added at a final concentration of 5 lg/mL to detect ROS during flow cytometry formed by the partial reduction of oxygen. The neutrophils were then incubated in the dark at 37°C for 30 min, and afterwards washed twice in PBS and resuspended in media containing Roswell Park Memorial Institute (RPMI)-LG 2 mM L-glutamine with 10% fetal bovine serum, 10 mM HEPES buffer, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate. By direct counting under a light microscope, the neutrophils were adjusted to a final concentration of 25 9 10 6 cells/mL and kept at 37°C in the dark until incubation with bacteria. Supernatants for chemokine and cytokine analyses were collected after incubation of neutrophils with P. gingivalis, but before ROS measurements. As a negative control, we used anti-CD15-labeled and DHE-loaded neutrophils, which were incubated under similar conditions for 1 h without any P. gingivalis.
Isolation and labeling of red blood cells
After gradient centrifugation, RBCs were harvested from the pellet of the tubes used for neutrophil isolation. P. gingivalis in 50 lL, and incubated at 37°C in the dark for 1 h to mimic the physiologic conditions and duration of a transient bacteremia (9) . Cells were pelleted by centrifugation, 100 lL of the supernatant was transferred to new vials and then stored at À80°C until cytokine analysis.
Measurement of cytokines in culture supernatant
Levels of TNF-a, IL-6 and CXCL8 in culture supernatants were determined using the Human High Sensitivity Measurement of reactive oxygen species in neutrophils stimulated with P. gingivalis Intracellular ROS formed by the partial reduction of oxygen in APCconjugated anti-CD15-labeled neutrophils stimulated with P. gingivalis was detected with DHE present during the stimulation at a final concentration of 5 lg/mL and measured flow cytometrically at an excitation wavelength of 500-530 nm after identification of neutrophils based on labeling with the APC-conjugated anti-CD15. Samples without RBCs were resuspended in 500 lL PBS on ice, whereas samples containing RBCs were resuspended in 2500 lL PBS on ice to reduce cell density before reading samples on the flow cytometer. All samples were filtered through BD Falcon TM 35 lm nylon mesh cell strainers (BD Biosciences) to reduce cell clumping and debris before data acquisition using a FACSAria flow cytometer (BD Biosciences). Data were analyzed using FLOWJO vX.0.6 software (FlowJo LLC, Ashland, OR, USA) for PC. ROS production was tested in six healthy donors and six subjects with LAgP.
Statistics
Paired one-sided t-tests were performed to assess differences in ROS production by unstimulated neutrophils and neutrophils stimulated with P. gingivalis and to analyze the impact of RBCs and RvE1 on ROS production by neutrophils. Multiple t-tests using Sidak-Bonferroni correction for multiple comparisons were performed for analysis of cytokines. All statistical analyses were performed using GRAPHPAD PRISM 6.0b for Mac (GraphPad Software Inc., La Jolla, CA, USA). p < 0.05 was considered significant.
Results
Cytokine release by neutrophils from healthy donors and patients with localized aggressive periodontitis in P. gingivalisstimulated cultures is increased by red blood cells Neutrophils isolated from either subjects with LAgP or healthy controls failed to release cytokine levels above the stated lower detection limits of the assays. By contrast, stimulation of the neutrophils with P. gingivalis for 1 h resulted in a significant release of TNF-a, IL-6, CXCL8 and CCL2 (Fig. 1A-D) . We observed no differences in cytokine release by neutrophils derived from healthy donors compared with that of neutrophils from subjects with LAgP.
To determine the impact of RBCs on the release of TNF-a, IL-6, CXCL8 and CCL2, neutrophils were stimulated with P. gingivalis in the presence and absence of autologous RBCs. Notably, IL-6, TNF-a, and CCL2 levels all increased significantly upon addition of RBCs (p < 0.0001), whereas no statistically significant differences were observed for CXCL8 (Fig. 1A-D) . RBCs did not affect cytokine release by otherwise unstimulated neutrophils.
P. gingivalis-induced intracellular reactive oxygen species production by neutrophils is inhibited by red blood cells
Stimulation of isolated neutrophils with P. gingivalis for 1 h in the presence of normal human AB serum resulted in marked intracellular production of ROS (Fig. 2) . This production did not differ between neutrophils derived from patients with LAgP and those derived from healthy donors (Fig. 2) .
To examine the influence of RBCs on intracellular ROS production, neutrophils were stimulated with P. gingivalis in the absence and presence of RBCs (Fig. 3) . RBCs caused a significant reduction in ROS production, amounting to 18% in healthy donors and 26% in subjects with LAgP (Fig. 3) . Like RBCs, RvE1 reduced ROS production, however, not with statistical significance (p = 0.630). We asked the question whether RvE1 had a further impact on RBC inhibition of ROS production by neutrophils, but no such additive actions were observed. 
Resolvin E1 in P. gingivalisstimulated cultures with red blood cells
To examine whether RvE1 acts on P. gingivalis-induced cytokine release by neutrophils in the presence of RBCs, RvE1 was added to cultures of isolated neutrophils with RBCs (Fig. 4A-D) . RvE1 had no impact on the release of any proinflammatory cytokines or chemokines in the presence of RBCs (Fig. 4A-D) .
Discussion
Bacteria-induced cytokine production and release by neutrophils has until recently been a matter of few investigations (4-6). We examined cytokine release by neutrophils after stimulation with P. gingivalis, and compared the responses of neutrophils derived from healthy donors with those derived from subjects with LAgP.
Moreover, we examined whether the presence of RBCs had any influence on cytokine responses or generation of intracellular ROS. Neutrophils from healthy donors and subjects with LAgP responded similarly to P. gingivalis with release of TNF-a, IL-6, CCL2 and, to a lesser extent, CXCL8. It should be noted that cytokines were measured in culture supernatants after diffusion away from the neutrophils had occurred. The local concentrations in the vicinity of the neutrophils, e.g. where autocrine stimulation occurs, may have been considerably higher. There were no obvious differences between healthy and LAgP cytokine release in response to P. gingivalis. Although the groups were not matched by race and some differences in disease prevalence exist between ethnic groups (15), there is no evidence that the disease course is different. We found no differences between races in either LAgP or controls.
No previous studies have addressed cytokine release and generation of intracellular ROS by neutrophils stimulated with potentially viable P. gingivalis, or the influence of RBCs on these processes. However, neutrophils derived from patients with LAgP have previously been shown both to generate significantly higher levels of extracellular superoxide compared to healthy controls, and to release excessive amounts of superoxide upon stimulation with ceruloplasmin (40, 41) . In this study, we focused on the intracellular ROS production designated to kill phagocytosed bacteria in neutrophils.
We have previously shown that P. gingivalis binds to RBCs in a CR1-dependent manner restricted the phagocytosis of P. gingivalis by neutrophils and monocytes (34) . Subsequently, Brekke and colleagues showed that the gram-negative bacteria Escherichia coli and Neisseria meningitides, both known to cause sepsis in humans, also bind to RBCs in a CR1-dependent and LPS-independent manner (31) . Notably, 80-90% of the bacteria in their study were found associated with RBCs rather than in the planktonic form in plasma (31) . They demonstrated that the blockade of CR1 increased phagocytosis of E. coli, and E. coli-induced intracellular ROS production, indicating that binding of bacteria to RBCs via CR1 protects the bacteria from being phagocytized and killed (31) . Our finding here that the presence of RBCs restricts P. gingivalis-induced ROS production supports this notion. In a physiological context it would seem appropriate that RBCs limit activation of circulating neutrophils and their subsequent release of cytotoxic substances, which may cause damage to endothelial cells (42), as we have previously proposed in relation to RBC-mediated inhibition of immune complex-induced ROS production by neutrophils (35, 43) .
We expected that RBCs would also restrict bacteria-induced cytokine release by neutrophils. However, we observed that the addition of RBCs resulted in an increase of TNF-a, IL-6 and CCL2 levels in neutrophil cultures (Fig. 1A-C) . The simplest explanation for this is that lysis of RBCs by hemolysin derived from P. gingivalis causes the release of endogenous danger signals that activate cytokine production by neutrophils. Hemolysin is a virulence factor of P. gingivalis, by means of which it provides itself with heme that is essential for its survival (44) . The stimulated cytokine production may promote host tissue degradation by neutrophils, which directly aids survival of the bacterium by enriching the environment with the bacterium's main source of energy, amino acids (8) . Neutrophilmediated inflammation and tissue injury manifests in the periodontium as degradation of collagen by matrix metalloproteinases of neutrophil origin resulting in an abundance of collagen peptides (5, 7, 21) . P. gingivalis expresses an array of gingipains, trypsin-like proteases that degrade the peptides into essential amino acids. This large reservoir of free amino acids promotes the overgrowth of P. gingivalis in the periodontal pocket providing more inflammation and more gingipains (26) . These observations may provide a plausible explanation for the observed overgrowth of P. gingivalis (5,7,21) occurring after deep pocket formation (45) .
In the periodontium, P. gingivalisenhanced levels of IL-6 and TNF-a may upregulate osteoclastic activity via RANK/RANKL/OPG pathways (46) . Moreover, these cytokines may be spilled over from the periodontium to the circulation (47) and promote synthesis of acute-phase proteins such as C-reactive protein, serum amyloid P protein and pentraxins (48) (49) (50) (51) . The acute-phase proteins may promote further inflammation. This is thought to be important in atherogenesis through low-grade inflammation (52, 53) where periodontitis contributes to systemic inflammation thereby further contributing to the atherogenic potential of P. gingivalis (54, 55) . Previous publications report the impact of RvE1 on extracellular ROS and other neutrophil functions (21, 22, 40) . We show that RvE1 likewise tended to reduce intracellular ROS production by neutrophils derived from subjects with LAgP in the absence of RBCs, which mimics the conditions of the crevicular fluid where only sparse RBCs are present. However, in the presence of RBCs, as in the circulation, Rve1 did not enhance the inhibitory effect of RBCs on ROS production. In healthy controls and subjects with LAgP, RvE1 had no significant influence on TNF-a and IL-6 released by neutrophils in the presence of RBCs (Fig. 4A,B) . Moreover, RvE1 did not influence the release of CCL2 and CXCL8 by neutrophils in the presence of RBCs (Fig. 4C,D) .
Another interesting observation is the difference between intracellular ROS measurements and cytokine release in subjects with the LAgP. It is clear from several earlier reports that superoxide released extracellularly measured by cytochrome c reduction is markedly elevated in LAgP (14, 16, 17) . However, intracellular P. gingivalis-induced ROS production did not differ between healthy donors and subjects with LAgP, and was suppressed by RBCs, as well as by RvE1. At the methodological level, these findings are consistent as DHE measures intracellular ROS, presumably from mitochondrial or other intracellular sources, and it is not sensitive to nicotinamide adenine dinucleotide phosphate oxidase activity, which resides in the plasma membrane. Physiologically, reduced intracellular ROS enhances P. gingivalis intracellular survival, while extracellular superoxide enhances tissue damage and degradation providing energy for P. gingivalis.
In conclusion, neutrophils readily release proinflammatory cytokines and chemokines, and produce intracellular ROS upon stimulation with P. gingivalis. RBCs restrict ROS production, but enhance release of proinflammatory cytokines by neutrophils from both the healthy controls and LAgP subjects. These data suggest that P. gingivalis is able to control neutrophil functions to its advantage causing extracellular tissue damage and reducing intracellular oxidative killing.
